Abstract: Three novel glycosidases produced from Lactobacillus plantarum, so called Lp_0440, Lp_2777, and Lp_3525, were isolated and overexpressed on Escherichia coli containing a His-tag for specific purification. Their specific activity was evaluated against the hydrolysis of p-nitrophenylglycosides and p-nitrophenyl-6-phosphate glycosides (glucose and galactose) at pH 7. All three were modified with hyaluronic acid (HA) following two strategies: A simple coating by direct incubation at alkaline pH or direct chemical modification at pH 6.8 through preactivation of HA with carbodiimide (EDC) and N-hydroxysuccinimide (NHS) at pH 4.8. The modifications exhibited important effect on enzyme activity and specificity against different glycopyranosides in the three cases. Physical modification showed a radical decrease in specific activity on all glycosidases, without any significant change in enzyme specificity toward monosaccharide (glucose or galactose) or glycoside (C-6 position free or phosphorylated). However, the surface covalent modification of the enzymes showed very interesting results. The glycosidase Lp_0440 showed low glycoside specificity at 25 • C, showing the same activity against p-nitrophenyl-glucopyranoside (pNP-Glu) or p-nitrophenyl-6-phosphate glucopyranoside (pNP-6P-Glu). However, the conjugated cHA-Lp_0440 showed a clear increase in the specificity towards the pNP-Glu and no activity against pNP-6P-Glu. The other two glycosidases (Lp_2777 and Lp_3525) showed high specificity towards pNP-6P-glycosides, especially to the glucose derivative. The HA covalent modification of Lp_3525 (cHA-Lp_3525) generated an enzyme completely specific against the pNP-6P-Glu (phosphoglycosidase) maintaining more than 80% of the activity after chemical modification. When the temperature was increased, an alteration of selectivity was observed. Lp_0440 and cHA-Lp_0440 only showed activity against p-nitrophenyl-galactopyranoside (pNP-Gal) at 40 • C, higher than at 25 • C in the case of the conjugated enzyme.
Introduction
Chemical modification of enzymes has been described as a fascinating approach for changing their catalytic properties [1] [2] [3] [4] [5] . One of the most generic strategies, which does not require previous
Chemical modification of enzymes has been described as a fascinating approach for changing their catalytic properties [1] [2] [3] [4] [5] . One of the most generic strategies, which does not require previous genetic modification of the enzyme, is focused on the incorporation of molecules on protein residues chemical groups (COOH, NH2, OH) or by single chemical modification on the N terminus (the most reactive group at neutral pH) [3] [4] [5] [6] . Both strategies have been successfully used to improve the activity or stability of enzymes in several cases [7] [8] [9] [10] . However, very few examples have been reported, mainly in lipases, for the alteration of selectivity and, specifically, regioselectivity [9, 10] .
In this case, a particularly important application regarding the control of glycosidases regioselectivity [11, 12] is their critical role in carbohydrate chemistry [13, 14] . The process to control and modulate these enzymes for carbohydrate synthesis is a very important issue considering the key role that sugars play in a broad range of biological processes [15, 16] . For example, the production of new sugars with different properties and the modification of natural products to enhance drugs' functional properties such as solubility, pharmacokinetics, or pharmacodynamics [17, 18] .
From this point of view, phosphorylated carbohydrates represent an important class of sugars very relevant in biology [19] . For example, a challenging research line is obtaining Xeno nucleic acids (XNAs), synthetic nucleic acid analogues that have a different sugar backbone in comparison to DNA or RNA and could serve as building blocks for completely new genetic systems [20] . In particular, 1,5-anhydrohexitol nucleic acid (HNA) presents a glucose-mimic core with a phosphate group in C-6 [21] . However, phosphoglycosynthetic enzymes are not that widespread and need to be synthesized for their catalytic application.
Therefore, controlling the specificity of natural specific phosphoglycosidases is a very important challenge for future applications. In this work, we present the effect on regioselectivity of the chemical modification of three different glucosidases from a bacterial source, Lactobacillus plantarum, with a high selectivity to p-nitrophenyl-6-phosphate-glycopyranosides.
One of the most interesting modification of enzymes has been achieved using polymers [22] . For example, the use of tailor-made dextran polymers showed interesting results, obtaining novel and selective biocatalysts [7] [8] [9] [10] 23] .
Hyaluronic acid is a well-known, widely studied polymer because of its interesting properties. It has been used as conjugate with different enzymes in biomedical applications, such as therapeutic proteins [24, 25] . Structurally, is a glycopolymer based on a linear repetitive unit of a 1,4-disaccharide constituted by a glucuronic acid and a 2-acetamido-glucosamine units. As a comparison, dextran repetitive unit is a 1,3-1,6-trisaccharide (Scheme 1). Indeed, whereas the dextran must be functionalized to be applied for coating processes, HA is already functionalized due to the abundance of carboxylic groups. Here, the covalent modification of the NH2 groups of three glycosidases from L. plantarum has been performed using hyaluronic acid to alter and improve the specificity towards p-nitrophenyl-6-phosphate-glycopyranosides against their corresponding free glycopyranosides. For that purpose, the hydrolytic activity of the different enzymes against four different substrates, 1-O-(4-nitrophenyl)-
, and 1-O-(4-nitrophenyl)-6-Ophosphate-β-D-galactopyranoside (pNP-6P-Gal) (Scheme 2) were evaluated. Here, the covalent modification of the NH 2 groups of three glycosidases from L. plantarum has been performed using hyaluronic acid to alter and improve the specificity towards p-nitrophenyl-6-phosphate-glycopyranosides against their corresponding free glycopyranosides. For that purpose, the hydrolytic activity of the different enzymes against four different substrates,
, and 1-O-(4-nitrophenyl)-6-O-phosphate-β-d-galactopyranoside (pNP-6P-Gal) (Scheme 2) were evaluated. 
Materials and Methods

General Description
, Nhydroxysuccinimide (NHS), extra-low molecular weight hyaluronic acid 8000-15000 Da (HA), acryl/bis-acrylamide 30% solution, ammonium persulfate (APS), N,N,N',N'-tetramethylethylendiamine (TEMED), tris-base buffer, and sodium phosphate were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was acquired from Tokyo Kasei (Japan). Spectrophotometric measurements were performed in a microplate reader from Biochrom (Cambridge, UK). Electrophoresis tools were acquired from Hoefer (Holliston, MA, USA).
Expression of Lp_ 0440, Lp_2777, and Lp_3525 Genes in Escherichia coli and Purification of the Recombinant Proteins
The Lp_0440, Lp_2777, and Lp_3525 genes from L. plantarum WCFS1 were amplified by polymerase chain reaction (PCR 
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General Description
, extra-low molecular weight hyaluronic acid 8000-15,000 Da (HA), acryl/bis-acrylamide 30% solution, ammonium persulfate (APS), N,N,N ,N -tetramethylethylendiamine (TEMED), tris-base buffer, and sodium phosphate were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was acquired from Tokyo Kasei (Japan). Spectrophotometric measurements were performed in a microplate reader from Biochrom (Cambridge, UK). Electrophoresis tools were acquired from Hoefer (Holliston, MA, USA).
Expression of Lp_ 0440, Lp_2777, and Lp_3525 Genes in Escherichia coli and Purification of the Recombinant Proteins
The Lp_0440, Lp_2777, and Lp_3525 genes from L. plantarum WCFS1 were amplified by polymerase chain reaction (PCR). Oligonucleotides 1666 (5 TAACTTTAAGAAGGAGATATACAT ATGACGATTAAAGGACGAGCGTTTC) + 1667 (5 -GCTATTAATGATGATGATGATGATGCTCAATT TCGGCACCATTTGTCGC) were used to amplify Lp_0440, primers 1591 (5 -TAACTTTAAGAAGGAG ATATACATATGGCAACAACGAGTGGTTTAGA) + 1592 (5 -GCTATTAATGATGATGATGATG ATGCTTCAAATCGGCCCCATTCGTC) to amplify Lp_2777, and finally, oligonucleotides 427 (5 -CATCATGGTGACGATGACGATAAGATGTCAGAGTTCCCAGAA) + 428 (5 -AAGCTTAGTTA GCTATTATGCGTACTATTTCTTTGTCAGCCCATTATGC) to amplify the Lp_3535 gene. Genbank accession number of the enzyme genes are Lp_2777 (YP_0048900399.1); Lp_3525 (YP_004891005.1); and Lp_0440 (YP_004888459.1). Advantage HD DNA polymerase (TaKaRa, Kusatsu, Japan) was used for PCR amplifications. The purified PCR products were inserted into the pURI3 (Lp_3525 gene) or pURI3-Cter (Lp_0440 and Lp_2777 genes) vectors using a restriction enzyme-and ligation-free cloning strategy [26] . These vectors produce recombinant proteins having a six-histidine affinity tag at their N-(Lp_3525) or C-terminal (Lp_0440 and Lp_2777) ends. Escherichia coli DH10B cells were transformed and the recombinant plasmids obtained (pURI3-Cter-Lp_0440, pURI3-Cter-Lp_2777, and pURI3-Lp_3525) were isolated and verified by DNA sequencing, and then used to transform E. coli BL21(DE3) cells for expression. E. coli cells were grown in lysogeny broth (LB) medium containing ampicillin (100 µg/mL), until they reached an optical density at 600 nm of 0.4 and induced by adding isopropyl β-d-1-thiogalactopyranoside (IPTG) (0.4 mM final concentration). After induction, the cells were grown at 22 • C during 20 h. The induced cells were harvested by centrifugation (8000 g for 15 min at 4 • C), resuspended in phosphate buffer (50 mM, pH 7) containing 300 mM NaCl, and disrupted by French press passages (three times at 1100 psi). Insoluble fraction of the lysates was removed by centrifugation at 47,000 g for 30 min at 4 • C. The supernatant was filtered through a 0.2-µm pore-size filter and then loaded onto a Talon Superflow resin (Clontech, Mountain View, CA, USA) equilibrated in phosphate buffer (50 mM, pH 7) containing 300 mM NaCl and 10 mM imidazole to improve the interaction specificity in the affinity chromatography step. The bound enzymes were eluted using 150 mM imidazole in the same buffer. The purity of the enzymes was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in tris-glycine buffer.
Fractions containing the His 6 -tagged protein were pooled (fractions were dialyzed against 50 mM sodium phosphate buffer, 300 mM NaCl, pH 7 at 4 • C using dialysis membranes (OrDial D35-MWCO 3500, Orange Scientific, Braine-l'Alleud, Belgium) of 3.5 kDa pore diameter. Four changes of buffer were made to eliminate the imidazole present in the sample.) and analyzed. The three enzymes were defined as Lp_0440, Lp_2777, and Lp_3525.
Physical Modification of the New LpGs
First, 28 mg of HA were dissolved in 2.8 mL of water at pH 5 (final concentration 1% HA). Then, 200 µL of HA solution were added to 1 mL of a 0.05 mg/mL enzyme solution, and the mixture was left in agitation overnight. The novel biocatalysts were named HA-Lp_0440, HA-Lp_2777, or HA-Lp_3525, respectively.
Covalent Modification of Lp Glycosidases with Hyaluronic Acid (HA)
28 mg of HA were dissolved in 2.8 mL of water at pH 5 (final concentration 1% HA). To this solution, 108 mg of EDC (10 eq) and 96 mg of NHS (15 eq) were added and pH checked (must be between 5.0 and 5.5). HA activation was left in agitation for one hour. After that, 200 µL of phosphate buffer 100 mM pH 7 was incorporated to inactivate the reagents. Next, 200 µL of activated HA were added to 1 mL of a 0.05 mg/mL enzyme solution and the mixture was left in agitation overnight. The novel biocatalysts were named as cHA-Lp_0440, cHA-Lp_2777, or cHA-Lp_3525, respectively.
Native Electrophoresis Assay
For native PAGE, 12% separating gel and 4% stacking gel were used. Samples were mixed in Eppendorf tubes in 1:1 ratio with 2× sample buffer (25% glycerol, 62.5 mM tris-HCl pH 6.8 and 1% bromophenol blue) and the electrophoresis was performed in tris-HCl buffer pH 8.3 on ice at low voltage (around 120 V) and amperage, to prevent protein degradation. After that, silver staining was used [27] .
Synthesis of 4-Nitropheny
Phosphorous oxychloride (0.74 mL) was added to a solution of 4-nitrophenyl β-d-glucopyranoside (2.6 mmol) in trimethyl phosphate (6.19 mL) and stirred for 3 h at 0 • C. Then, the pH of the reaction mixture was adjusted to 7 with aqueous ammonia 30% at 0 • C. The solvents were evaporated to dryness. The solid formed was washed with MeOH (200 mL) and the liquid phase was evaporated to dryness. The residue was washed again with AcOEt (50 mL) and Et 2 O (50 mL) and the liquid phase was evaporated under reduced pressure giving a white solid which was purified with HPLC semipreparative 
Enzymatic Activity Assay of Glycosidases in the Hydrolysis of p-Nitrophenyl-Glycopyranosides
Assays were monitored using a plate reader measuring at a wavelength of 405 nm. To each well, 300 µL of substrate were added and, over this, a different volume of enzyme solution was added depending of the activity of each one of them. For Lp_2777 and Lp_3525, only 10 µL (0.05 mg/mL) were needed, whereas for Lp_0440 (0.05 mg/mL), 50 µL were needed, due to its lower activity. The following substrates were tested: pNP-Glu, pNP-Gal, pNP-6P-Glu, and pNP-6P-Gal. Substrates were dissolved in phosphate buffer pH 7 to a 5 mM final concentration, except pNP-6P-Glu that was dissolved to a concentration of 1.25 mM. The enzyme activity of the different glycosidases was measured at room temperature and at 40 • C. For the latter purpose, the enzymes were incubated in a thermoblock that had been previously preheated to 40 • C. The sample was taken after 10 min and cooled at room temperature, then its activity was measured following the protocol described above.
Samples were measured at different times, obtaining 10 absorbance values, that were represented. Then, ∆Abs/min was obtained from the slope of the linear tendency showed by the data. Experiments were performed in triplicate.
Results and Discussion
Production and Purification of the Different Glycosidases
The proteins were identified based on their annotation in the database as 6-phospho-β-glucosidases and the three enzymes exhibited high sequence identity among them. The expression of Lp_3525 was previously analyzed [28] and the oligomeric state, enzymatic activity using salicin, cellobiose, and gentibiose as substrates, and crystallization of Lp_0440 was previously published [29] .
The Lp_0440, Lp_2777, and Lp_3525 genes were cloned into the pURI3-Cter (Lp_0440 and Lp_2777 genes) and pURI3 (Lp_3525 gene) expression vectors by a ligation-free cloning strategy described previously [26] . The vectors incorporate the DNA sequence encoding hexahistidine at their N (Lp_3525)-or C-terminal (Lp_0440 and Lp_2777) ends to create a His-tagged fusion enzymes for further purification steps. Lp-3525 was cloned on the constructed pURI3 vector developed previously to produce proteins having a N-terminal poly-His-tag [30] . Later, a family vector from pURI3 were developed [26] where one of them, pURI3-Cter vector, allowed the production of recombinant proteins having poly-His-tag at the C-terminus, and Lp_2777 and Lp_0440 were cloned on it.
These genes were expressed under the control of an isopropyl-β-d-thiogalactopyranoside inducible promoter. Cell extracts were used to detect the presence of overproduced proteins by SDS-PAGE analysis (Figure 1 ). Overproduced proteins with an apparent molecular mass around 55 kDa were observed in cells harboring pURI3-Cter-0440 (Figure 1a) , pURI3-Cter-2777 (Figure 1b) , and pURI3-3525 (Figure 1c) . The recombinant proteins (Lp_0440, Lp_2777, and Lp_3525) were purified by a metal affinity chromatography resin, and eluted with phosphate buffer (50 mM, pH 7) containing 300 mM NaCl and 150 mM imidazole. SDS-PAGE analysis (Figure 1 ) revealed the production of highly purified 
Modification of Different LpGs by Hyaluronic Acid (HA)
The three different glycosidases (Lp_0440, Lp_2777, and Lp_3525) were specifically modified with hyaluronic acid (HA). The chemical modification was performed by the functionalized group COOH of the HA which was previously activated with N-hydroxysuccinimide (NHS) (Scheme 3). In all cases, the activated HA-NHS was added to the protein at pH 7, where mainly the most reactive group in the protein, the amino group in the N-terminus, reacted forming a covalent amide bond between enzyme and polymer (Scheme 3), producing the covalent HA (cHA)-glycosidase conjugates. 
The three different glycosidases (Lp_0440, Lp_2777, and Lp_3525) were specifically modified with hyaluronic acid (HA). The chemical modification was performed by the functionalized group COOH of the HA which was previously activated with N-hydroxysuccinimide (NHS) (Scheme 3). In all cases, the activated HA-NHS was added to the protein at pH 7, where mainly the most reactive group in the protein, the amino group in the N-terminus, reacted forming a covalent amide bond between enzyme and polymer (Scheme 3), producing the covalent HA (cHA)-glycosidase conjugates. Taking into consideration that the introduction of the polymer can produce alteration in the neat charge of the protein, native PAGE of these modified glycosidases at the same concentration was performed (Figure 2 ).
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Taking into consideration that the introduction of the polymer can produce alteration in the neat charge of the protein, native PAGE of these modified glycosidases at the same concentration was performed (Figure 2 ). The protein bands of the conjugates cHA-Lp_0440 and cHaLp_2777 were quite blurred with a slight lower RF, whereas the intensity of the band was conserved in the conjugate cHA-Lp_3525. Both enzymes, Lp_0440 and Lp_2777 present a His6-tag in the C-terminus of the protein, whereas in Lp_3525, this tag was located in the N-terminus. Considering the tridimensional structure of the enzyme Lp_0440 ( Figure S1 , Supplementary Materials), we have observed that both N and Cterminus are in the area in the protein. However, C-terminus is nearest to an alpha-helix in the protein, at 5.3 Å of distance to the Arg403 taken as reference whereas the N-terminus is at 16.3 Å ( Figure S1 ). This alpha helix contains a number of polar aminoacid residues (Glu412, Asp401, Asp396). In the case of His6-tag at N-terminus (Lp_3525), the amino group where the polymer is anchored is far from the protein structure ( Figure S2 , Supplementary Materials) whereas when the His6-tag was introduced on the C-terminus (Lp_0440 and Lp_2777) the amino group on the protein from reaction is much near to the protein, being possible an interaction between the HA and tag, making maybe more difficult the electrophoretic mobility of the sample.
Also, a noncovalent strategy of the random interaction between the carboxylic groups of the polymer and amino groups on proteins (Lys) at alkaline pH was also performed. This strategy caused the interaction of the polymer on different areas of the proteins, specifically in the rich areas of Lysines (see Figure S3 in Supplementary Materials).
Glycosidase Activity, Specificity, and Regioselectivity of the Different Modified Glycosidases
The different nonmodified, physically and covalently modified glycosidases from L. plantarum were tested as catalysts in the hydrolysis of different p-nitrophenyl-glycopyranosides, nonphosphorylated (pNP-Glu, pNP-Gal) and C-6 phosphorylated (pNP-6P-Glu, pNP-6P-Gal) at 25 °C and pH 7 (Scheme 2).
The activity of the three different glycosidases were quite different depending on the used substrate (Table 1) . Lp_0440 was a more promiscuous enzyme, being able to hydrolyze pNP-Glu, pNP-Gal, and pNP-6P-Glu. Indeed, the activity against pNP-Glu and pNP-6P-Glu was similar, and also showed two-fold less activity against pNP-Gal over pNP-Glu (Table 1 , Entry 1). The protein bands of the conjugates cHA-Lp_0440 and cHaLp_2777 were quite blurred with a slight lower RF, whereas the intensity of the band was conserved in the conjugate cHA-Lp_3525. Both enzymes, Lp_0440 and Lp_2777 present a His 6 -tag in the C-terminus of the protein, whereas in Lp_3525, this tag was located in the N-terminus. Considering the tridimensional structure of the enzyme Lp_0440 ( Figure S1 , Supplementary Materials), we have observed that both N and C-terminus are in the area in the protein. However, C-terminus is nearest to an alpha-helix in the protein, at 5.3 Å of distance to the Arg403 taken as reference whereas the N-terminus is at 16.3 Å ( Figure S1 ). This alpha helix contains a number of polar aminoacid residues (Glu412, Asp401, Asp396). In the case of His 6 -tag at N-terminus (Lp_3525), the amino group where the polymer is anchored is far from the protein structure ( Figure S2 , Supplementary Materials) whereas when the His 6 -tag was introduced on the C-terminus (Lp_0440 and Lp_2777) the amino group on the protein from reaction is much near to the protein, being possible an interaction between the HA and tag, making maybe more difficult the electrophoretic mobility of the sample.
The different nonmodified, physically and covalently modified glycosidases from L. plantarum were tested as catalysts in the hydrolysis of different p-nitrophenyl-glycopyranosides, non-phosphorylated (pNP-Glu, pNP-Gal) and C-6 phosphorylated (pNP-6P-Glu, pNP-6P-Gal) at 25 • C and pH 7 (Scheme 2).
The activity of the three different glycosidases were quite different depending on the used substrate (Table 1) . Lp_0440 was a more promiscuous enzyme, being able to hydrolyze pNP-Glu, pNP-Gal, and pNP-6P-Glu. Indeed, the activity against pNP-Glu and pNP-6P-Glu was similar, and also showed two-fold less activity against pNP-Gal over pNP-Glu (Table 1 , Entry 1). A bioinformatic analysis of the crystal structure of Lp_0440 [28] showed three important aminoacidic residues clearly involved in the specificity and regioselectivity control ( Figure 3 ). Ala431 is the responsible to interact with the phosphate molecule which is also stabilized, whereas the Gln22 is responsible to stabilize O4 in axial, controlling the regioselectivity between Gal and Glu. A bioinformatic analysis of the crystal structure of Lp_0440 [28] showed three important aminoacidic residues clearly involved in the specificity and regioselectivity control ( Figure 3) . Ala431 is the responsible to interact with the phosphate molecule which is also stabilized, whereas the Gln22 is responsible to stabilize O4 in axial, controlling the regioselectivity between Gal and Glu. Lp_0440 showed 2-times better accommodation of the Glu molecules, O in equatorial position than in axial. However, the surroundings of the active site did not affect the control of the interaction in Ala431 because the location between the hydroxyl in C-6, free or phosphorylated, presented the same accommodation, resulting in the same activity. The housing of the Gln22 enables the activity against galactopyranosides.
The modification of this enzyme with HA caused changes in activity and specificity against the different glycopyranosides. The simple physical adsorption approach caused a decrease in the activity, most notably against the pNP-6P-Glu. However, the covalent modification with HA resulted in an alteration of the modulation, directly improving the recognition of pNP-Glu more than 5 times over the pNP-6P-Glu. It was interesting that galactose activity was almost lost in the cHA-Lp_0440 variant.
The Lp_2777 enzyme was completely specific towards the p-nitrophenyl-6-P-glycopyranosides, especially pNP-6P-Glu (almost 200 times higher activity than pNP-6P-Gal). No traces of activity were Lp_0440 showed 2-times better accommodation of the Glu molecules, O in equatorial position than in axial. However, the surroundings of the active site did not affect the control of the interaction in Ala431 because the location between the hydroxyl in C-6, free or phosphorylated, presented the same accommodation, resulting in the same activity. The housing of the Gln22 enables the activity against galactopyranosides.
The Lp_2777 enzyme was completely specific towards the p-nitrophenyl-6-P-glycopyranosides, especially pNP-6P-Glu (almost 200 times higher activity than pNP-6P-Gal). No traces of activity were observed using pNP-Glu or pNP-Gal (Table 1 , Entry 5). In this case, the modification with HA caused Therefore, these results open the door to the application of this chemical modification strategy in order to control the specificity of glycosidases. This could be relevant, for example, to obtain synthetic biocatalysts needed to produce bioactive oligosaccharides. 
